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Abstract
The growing popularity of unbonded posttensioned structures designed for seismic resiliency, in conjunction
with recent research indicating the inability of commercially available posttensioning anchorage systems to
meet current industry certification standards, has prompted the need to investigate and better understand
posttensioning anchorage systems. Recent research has focused on single-strand posttensioning systems;
however, virtually no published literature is available regarding the behavior of multistrand anchorages. This
paper presents results from a comprehensive laboratory evaluation of the fracture and ultimate strength and
strain capacities of multistrand posttensioning anchorage systems for use in seismic-resilient rocking
structures. The testing program encompassed two anchorage manufacturers, two anchorage alignment
configurations, and two wedge geometries under both monotonic and cyclic loading. The results show that
modifying the wedge geometry can improve the performance of commercially available posttensioning
anchorages and that a strain limit of 1% should be used for seismic applications.
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The growing popularity of unbonded posttensioned structural systems designed for seismic resiliency, in conjunction with recent research indicating the 
inability of posttensioning anchorage systems to meet 
current industry certification standards, has prompted the 
need to further test and better understand posttensioning 
anchorages. Posttensioning anchorage systems are re-
quired to develop a minimum elongation and percentage 
of the strand’s capacity under tensile loads. ACI 423.7-14,1 
ACI 423.3-05,2 and PTI M10.2-003 require anchorage 
systems to develop 2% elongation and 95% of the strand’s 
measured tensile strength, while ACI 318-144 requires 2% 
elongation and 95% of the specified tensile strength. While 
strand manufacturers routinely meet these requirements, 
they use a special gripping device, which is 8 to 10 in. (200 
to 250 mm) long. Commercially available wedge grips can 
be as small as 1.4 in. (36 mm) in length, which routinely 
cause the failure of the seven-wire strand in a posttension-
ing system at values below the standard requirements for 
the strands. Notching of the strand by the wedges and an 
unevenly distributed load over the length of the wedge at 
high stress levels cause stress concentration at the nose of 
the wedge and premature fracture of an individual wire.
Recent research has focused on single-strand postten-
sioning anchorages in an attempt to better understand the 
failure mechanisms and quantify the dependable ultimate 
strengths and strain capacities of these systems.5–8 These 
studies found that failure of the strand in single-strand 
systems can occur at strains as low as 1%, well below the 
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specified tensile strength of the prestressing steel f
pu
 and 
conform to the 2% elongation requirements in ACI 423.71 
when tested in an unbonded condition, which is essentially 
the old PTI requirement. The 2% elongation requirement is 
to ensure sufficient ductility.
One application in which the performance of these an-
chorage systems is critical to the design is precast concrete 
structures designed for seismic resilience. Instead of the 
emulation concept that replicates the response of cast-in-
place concrete structures, the precast concrete industry 
introduced the jointed concept to promote more favorable 
seismic response for precast concrete frames and wall 
buildings through the PRESSS (Precast Seismic Structural 
Systems) program.12–14 A primary component of a jointed 
connection is multistrand unbonded posttensioning through 
the interface, which promotes a rocking mechanism 
for seismic-force-resisting members at their ends at the 
connection interface. This mode of response, as opposed 
to forming a plastic hinge, minimizes structural damage. 
The unbonded posttensioning also facilitates the self-cen-
tering capability of the precast concrete structural system 
and allows it to recenter when the lateral earthquake loads 
are removed. These unique features, which help to pro-
mote seismic resilience, have contributed to the growth of 
precast concrete seismic solutions (for example, Sritharan 
et al.15). Due to recognition of its unique benefits, unbonded 
posttensioning has now been applied to seismic-resistant 
structures designed with other construction materials, such 
as steel, masonry, and timber. For such structural systems 
to produce the expected seismic response, the design of the 
posttensioning tendons, including their anchorage, should 
be accomplished reliably. Consequently, the design docu-
ments developed for these systems enforce varying stress or 
strain limits for the unbonded posttensioning tendons, even 
though they are not supported by experimental data. For ex-
ample, ACI Innovation Task Group 5 developed recommen-
dations for the design of special concrete walls that aim to 
limit the stress in prestressing tendons at the design drift to 
below the yield strength of the posttensioning steel.16 The 
investigation reported in this paper facilitates the definition 
of more reliable limits for use in design practice.
Research objectives
In recognition of the aforementioned knowledge gap, the 
primary objectives of this research are the following:
• to investigate the failure mechanisms as well as the 
ultimate strength and strain capacities of representative 
multistrand posttensioning anchorage configurations 
under monotonic and cyclic tensile loading
• to make recommendations for the acceptance testing 
of unbonded multistrand posttensioning anchorage 
systems
current applicable limits. However, in structural systems, 
multistrand tendons are typically used; therefore, sin-
gle-strand test results may not be applicable. Furthermore, 
no published literature is available in the United States 
regarding the performance of multistrand anchorages be-
cause the Post-Tensioning Institute (PTI) recommends test-
ing only one strand at a time in multistrand anchorages.9 It 
is possible that anchor manufacturers conduct anchorage 
validation tests, but the results of these tests are typically 
not publicly available. These uncertainties, as well as the 
necessity to better understand the unique phenomena that 
exist in multistrand systems loaded with multiple unbond-
ed posttensioning strands at once, call for a comprehen-
sive evaluation of multistrand posttensioning anchorage 
systems to establish suitable strain and stress limits that are 
appropriate for routine design.
Currently, there is considerable variation among governing 
institutions and code-writing bodies regarding the allow-
able reduction in strand capacity due to the observed pre-
mature failure when tested with standard wedge grips. This 
is largely due to recent changes in certification procedures 
promulgated by PTI and subsequently accepted by the 
American Association of State Highway and Transporta-
tion Officials (AASHTO) and the departments of transpor-
tation of many states.10 In the mid-1990s, PTI replaced the 
term guaranteed ultimate tensile strength (GUTS) with two 
definitions: minimum ultimate tensile strength (MUTS) and 
actual ultimate tensile strength (AUTS).11 GUTS is the ten-
sile strength of the strand ensured by the manufacturer and 
is expressed as a stress (that is, force per area). AUTS is 
the actual breaking strength obtained in free-length fracture 
tests of a single representative strand and is expressed as a 
force. MUTS is the force equal to the nominal cross-sec-
tional area of the strand times its nominal ultimate tensile 
strength.
Previously, PTI certification required anchorage systems 
to provide a minimum of 95% of GUTS. However, the 
new PTI certification requires the anchorages provide a 
minimum of 95% of AUTS, which can be significantly 
greater than GUTS. This change has made the certification 
requirement considerably more stringent by effectively 
increasing the required strength of the system. This is not 
because of the inadequate strength of the strands, but rather 
due to premature failure of the strands at the anchorage. 
Consequently, posttensioning anchoring devices commonly 
used in practice now fail certification testing in a substan-
tial number of cases.5,8
However, not all code-writing bodies have accepted this 
new criterion, the most notable of which is the American 
Concrete Institute (ACI) in their Building Code Require-
ments for Structural Concrete (ACI 318-14) and Commen-
tary (ACI 381R-14).4 Section 25.8.1 of ACI 318-14 requires 
that posttensioning anchorages develop at least 95% of the 
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strands to pass freely through a center hole in the bearing 
plate and the bottom of the test fixture while centering 
each wedge plate to ensure alignment between the top and 
bottom wedge plate.
A rotational restraint was installed on the top of the ma-
terial testing system machine to prevent the top material 
testing system fixture from rotating during loading of the 
test specimen while allowing the fixture to move freely in 
the vertical direction. This restraint is provided in the field 
by friction between the posttensioning components and the 
torsional resistance of the structural element being post-
tensioned. The bottom material testing system fixture was 
incapable of rotating because it was fixed to the laboratory 
floor.
Test specimens
Each test specimen was made up of seven 7-wire postten-
sioning strands, two wedge plates, and fourteen wedges. 
Figure 2 provides drawings of each component. Table 1 
lists the dimensions of each component taken as the aver-
age of the measured value at a minimum of three locations. 
The naming conventions used for component dimensions 
are consistent with previous research.5
All posttensioning strands came from a single spool of 
0.6 in. (15 mm) diameter, Grade 270 (1860 MPa), low-re-
laxation, uncoated, seven-wire steel strand conforming 
to ASTM A416.17 The strand had an actual breaking 
strength of 62.393 kip (277.52 kN), modulus of elastic-
ity of 28,500 ksi (196.5 GPa), and cross-sectional area 
of 0.2227 in.2 (143.7 mm2) as determined by the strand 
manufacturer and reported on the strand mill certificate 
of inspection. The strand was cut to approximately 50 in. 
(1270 mm) to ensure a final free length of at least 42 in. 
(1070 mm) from wedge nose to wedge nose. Actual strand 
free lengths varied from 42 to 45 in. (1140 mm) due to 
variability in seating of the wedges and overall anchorage 
height.
Anchorages from two manufacturers were evaluated. The 
anchorages are round with six tapered through holes posi-
tioned symmetrically around a center tapered through hole. 
The through holes are shaped to accept conical wedges that 
grip the strand. Both anchorages were of the same type: 
0.6 in. (15 mm) seven-strand anchorages. Anchorages from 
manufacturer A were made of cast ductile iron conforming 
to ASTM A536.18 Anchorages from manufacturer B were 
made of forged steel. Both anchorages are components 
of systems commonly used in the U.S. bridge and build-
ing industry. Anchorage alignment was evaluated during 
testing. For some of the tests, the anchors were aligned 
such that all strands were vertical, while in other tests, the 
anchors were intentionally rotated 135 degrees about the 
vertical axis, causing the strands to exit the anchorage at an 
• to make recommendations for the design of unbonded 
multistrand posttensioning systems for use in seis-
mic-resilient structures
Research program
To understand the behavior of strand anchorage, an ex-
perimental research program was planned and executed 
using both single-strand and multistrand posttensioning 
anchorage systems. The outcomes of the testing conducted 
on single strands are presented in Musselman et al.;8 the 
details of the multistrand testing program are summarized 
in following sections.
Test setup
The test specimen consisted of multihead anchorages, 
strands, and wedge components oriented vertically in a 
600 kip (2670 kN) material testing system load frame and 
pulled in tension to failure via upward displacement of the 
top fixture as regulated by the hydraulic cylinder. Figure 1 
is a schematic of the test setup with each element labeled.
A few additional components were necessary so that the 
laboratory test setup effectively replicated a field postten-
sioning system. Bearing plates were installed on the top 
and bottom material testing system fixtures to provide a 
uniform surface for the wedge plates (anchorages) to bear 
against. The bearing plates essentially replicated the bear-
ing anchor in a field application. The bearing plates were 
designed to be compatible with anchorages from different 
manufacturers. In addition, the bearing plates allowed all 
Figure 1. A schematic of the test setup.
Testing machine crosshead
Displacement
Floor
Hydraulic 
cylinder
Top of fixture Rotational 
restraint
Bottom of 
fixture
Wedge plate
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7 posttensioning 
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shaped metal body and the gripping elements are formed 
inside the hole via threading. Common threads used for 
testing include so-called buttress threads. The exterior 
surface of each wedge segment is smooth and tapered such 
that a small diameter exists on one end. The wedge seg-
ments are formed such that when applied to the exterior of 
the strand there is a gap between the circumferential ends 
angle. This modification was to represent possible twisting 
of strands when they are installed inside a long structural 
member.
Posttensioning wedges are typically formed by machining 
or forging a single truncated, cone-shaped metal body from 
a soft steel alloy. A hole is typically drilled in the cone-
Figure 2. Test specimen components (not to scale). Note: BID = inside diameter of anchor bottom; BW = outside width of wedge 
bottom; da = outside crown-to-crown diameter of prestressing strand; Dmw = diameter of middle prestressing strand wire; Dow 
= diameter of outer prestressing strand wire; H = height of component; IW = inside width of wedge; P = pitch of prestressing 
strand; RAD = distance from centerline of anchor to centerline of wedge opening; TID = inside diameter of anchor top; TW = 
outside width of wedge top.
TID
TW
IW
BW
H
Dow
Dmw
da
2 piece 3 piece
TID
H
BID RAD
P
Anchorages Wedges Seven-wire strand 
Table 1. Measured dimensions of specimen components
Anchorages
H, in. TID, in. BID, in. RAD, in.
Manufacturer A 2.76 1.15 0.70 1.31
Manufacturer B 2.16 1.11 0.66 1.38
Wedges
H, in. TW, in. BW, in. IW, in.
2P-A standard 1.77 1.12 0.71 0.56
3P-B standard 1.65 0.95 0.59 0.44
2P-A balanced 1.77 1.12 0.70 0.57
2P-B balanced 1.66 1.14 0.73 0.57
Seven-wire strand
Dmw , in. Dow , in. da , in. P, in.
0.6A 0.205 0.198 0.605 7.9625
Note: All dimensions are shown in Fig. 2. BID = inside diameter of anchor bottom; BW = outside width of wedge bottom; da = outside crown-to-crown 
diameter of prestressing strand; Dmw = diameter of middle prestressing strand wire; Dow = diameter of outer prestressing strand wire; H = height of com-
ponent; IW = inside width of wedge; P = pitch of prestressing strand; RAD = distance from centerline of anchor to centerline of wedge opening; TID = 
inside diameter of anchor top; TW = outside width of wedge top. 1 in. = 25.4 mm.
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when loading begins. Once the entire wedge length has 
engaged, elongation of the strand within the anchorage is 
significantly restrained. Thus, the load along the length 
of the wedge is concentrated at the nose. This so-called 
elongation nose loading begins early in the loading and 
propagates as loading continues. Eventually, this stress 
concentration causes the shear failure of an individual wire 
within the anchorage at the nose of the wedge.
Alternatively, the modified wedges have an exterior surface 
taper angle that is one to two degrees greater than that of the 
wedge-receiving bore. This difference in angle allows the 
wedge to grip the strand sequentially from the back, or wide 
end, of the wedge to the nose, or narrow end of the wedge, 
as the load increases. This fundamental change in the 
engagement of wedge teeth allows elongation of the strand 
to occur within the wedge throughout loading and up to 
failure. As a result, the normal force on the strand along the 
length of the wedge is more balanced as the load approach-
es the actual free-length breaking strength of the strand.
The second principle of the modified wedge geometry is 
gap control.10 When wedges are placed around the strand 
prior to loading, an initial (uncompressed) gap exists be-
tween adjacent wedge pieces along the longitudinal axis of 
the strand. As the prestressing force increases, the wedge 
pieces compress laterally, closing this initial gap. If the 
gap between wedge pieces is allowed to close completely, 
the wedges are no longer able to move inward and grip the 
strand as the load increases. This leaves the system poten-
tially susceptible to a pull-out failure in which the gripping 
force of the wedge is no longer sufficient to restrain the 
tensile force of the strand.
The standard wedges have a geometry such that the wedge 
pieces remain in free float (that is, will never come in con-
tact) throughout the loading sequence.
Alternatively, the wedge manufacturer has determined 
experimentally that allowing the wedge pieces to come into 
contact, with reasonable limitation, is actually beneficial to 
the operation of the anchor system overall.10 The modified 
wedges are manufactured to have a smaller, uncompressed 
gap between the wedge pieces. When this smaller initial 
gap is implemented, the centering movement of the wedges 
is stopped late in the loading sequence due to the wedge 
pieces coming into contact. This allows the wedges to 
penetrate the exterior strand wires just enough to avoid a 
pull-out failure without overpenetrating the strand.
Instrumentation
The data acquisition system provided elapsed time in sec-
onds, total load in kips, crosshead displacement in inches, 
and strain gauge readings in microstrain. The load data from 
the internal material testing system load cell was important 
of each wedge segment. This enables lateral compression 
against the strand as the wedge is moved into the receiv-
ing bore. Wedges are often heat treated to obtain a surface 
hardness of about 58 to 64 Rockwell C so that the gripping 
element of the wedge (threads) can deform the exterior 
surface of the strand.10
Four different wedge geometries were tested, all produced 
(but not necessarily designed) by the same manufacturer. 
Two-piece wedges are differentiated from three-piece 
wedges by the naming convention of 2P and 3P, respective-
ly. The wedge geometries were as follows:
• 2P-A standard: two-piece wedges for the anchorage 
designed by manufacturer A (anchorage A)
• 3P-B standard: three-piece wedges for the anchorage 
designed by manufacturer B (anchorage B)
• 2P-A modified: two-piece wedges for anchorage A, 
designed by the wedge manufacturer to more evenly 
balance the stresses within the wedge during peak 
loading
• 2P-B modified: two-piece wedges for anchorage B, de-
signed by the wedge manufacturer to more evenly bal-
ance the stresses within the wedge during peak loading
The performance of the two-piece wedges was not com-
pared directly with the performance of the three-piece 
wedges in this study. Rather, the number of wedge pieces 
was simply determined by whoever provided the wedges. 
For the wedges denoted by standard, the anchorage man-
ufacturer provided wedges just as they would to a contrac-
tor in a field application (that is, the wedge type was not 
specified when ordering the anchorages). Thus, the shift 
from two-piece to three-piece standard wedges from man-
ufacturer A to manufacturer B was simply the product of 
differences in the wedge geometry preferred and designed 
by each respective manufacturer. For the wedges denoted 
by modified, the wedge manufacturer designed the wedges 
based on the dimensions of each anchorage. This manu-
facturer always designs its modified wedges as two-piece 
wedges because of the additional quality control complica-
tions introduced with producing three-piece wedges.
The physical change in wedge geometry that allows a more 
balanced load along the gripped length of strand is the 
product of two primary principles: angle differential and 
gap control. The principle of angle differential relates to 
the taper angle of both the anchor and wedge. The standard 
wedges have a geometry in which the taper angle of the ex-
terior surface of the wedge matches the seven-degree taper 
angle of the wedge receiving bore.19 This type of wedge 
geometry, which is the current industry standard, forces all 
of the wedge teeth to engage on the strand simultaneously 
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measurement on posttensioning strands. The optical strain 
measurements did not replace those of the strain gauges 
for these selected trials; rather, the two methods were used 
simultaneously to verify the data. The data from the optical 
strain measurements also helped to compare strand strain 
with individual wire strain to verify the analytical approx-
imation developed by Acosta relating wire strain to strand 
strain based on the wire pitch and strand diameter.22
Four markers spaced at 2 in. (50 mm) were fixed on three 
or four strands per test for rotated or aligned anchorages, 
respectively. The markers were placed around the strain 
gauges so that the local strain in that region could be ef-
fectively compared. The optical strain measurements were 
based on the elongation of the strand because the markers 
were too large to mount to the individual wires, in contrast 
with the strain gauges, which recorded the elongation of 
the individual wires. The markers were typically affixed to 
two or three wires. Figure 4 shows several markers mount-
ed to four strands and the top and bottom material testing 
system fixtures for an aligned anchorage test.
Sample preparation
The first step was to prepare the strands by attaching the 
strain gauges. This was done prior to installing the strands 
in the material testing system frame to allow ample time 
for the strain gauge adhesive to cure without delaying 
testing. The seven strands were placed in the testing frame 
by feeding them vertically through the top anchorage and 
applying light pressure to one wedge per strand, leaving 
approximately 1.25 in. (31.8 mm) of strand overhang. The 
material testing system crosshead was then raised and each 
strand was fed through the bottom anchorage, ensuring 
proper alignment of each strand with the top anchorage. 
for determining the stress within the system. However, the 
load reading was a total for the entire system (that is, the 
load on each individual strand was not recorded). Due to the 
ductile nature of the strand and the continuation of loading 
beyond its yielding, the strain data is generally more mean-
ingful than the load data from an analysis standpoint. In 
addition, the individual strain of each strand was recorded, 
which allowed for a better understanding of how load is dis-
tributed through the system. For that reason, more emphasis 
is placed on strain data instrumentation and analysis.
The strain instrumentation required by the International 
Code Council Evaluation Service’s (ICC-ES’s) Acceptance 
Criteria for Post-Tensioning Anchorages and Couplers of 
Prestressed Concrete is a 36 in. (910 mm) extensometer.20 
However, previous research has demonstrated that in the 
case of unbonded posttensioning strands, extensometer 
gauge length does not appreciably affect the strain mea-
surements.5 In addition, strain gauges have been inves-
tigated as an instrumentation system for posttensioning 
strands in a laboratory setting, testing strand directly, and 
in segmental box girder bridges, with positive results.8,21,22 
Therefore, the primary method of collecting strain data in 
this study was with electrical resistance strain gauges fixed 
to an individual wire of each of the seven strands (that is, 
seven strain gauges per strand).
The strain gauges used had a gauge length of 0.04 or 
0.08 in. (1 or 2 mm) as availability of strain gauges of this 
size was limited. Strain gauge locations varied depend-
ing on whether both anchorages were aligned so that the 
strands were vertically parallel or one anchor head was 
rotated causing the strands to touch at the midheight of the 
specimen. When the anchorages were aligned, the strain 
gauges were located at the midheight of the specimen. 
Although the assumption has already been stated that the 
local strain along the length of the strand is constant, strain 
gauges were placed at midheight for consistency and to 
avoid damaging the strain gauges during installation and 
seating of the strands. When one anchorage was rotated, 
the strain gauges were located 9.5 in. (240 mm) above the 
midheight of the specimen. This was done to avoid damag-
ing the strain gauges when the strands rubbed against each 
other during rotation. Figure 3 shows the vertical location 
of the strain gauges on the strands.
Optical position tracking was implemented as an alterna-
tive method of measuring strain. The position sensor uses 
high-speed, real-time digital photogrammetry and optical 
triangulation techniques to track the precise three-dimen-
sional position of markers. Strain can then be calculated 
based on the change in distance between the markers 
divided by the initial distance between them. This alterna-
tive method of strain measurement was implemented for a 
selected number of trials to verify the strain data collected 
by strain gauges and to test the usefulness of optical strain 
Figure 3. Elevation view of strain gauge locations.  
Note: 1 in. = 25.4 mm.
Midheight
Strain gauges
9.5 in.
Aligned anchorages Rotated anchorages
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exceed 1000 lb (4450 N). The initial specimen length was 
measured, the anchorage ends protected to prevent flying 
objects, and offsets taken for strain and displacement. The 
specimen was then ready to be loaded.
Testing procedure
Monotonic and cyclic loading protocols were used in this 
study. Monotonic tests were conducted to set a baseline for 
multistrand anchorage performance. Cyclic tests were con-
ducted to study the behavior of the posttensioning system 
under high-strain amplitude and low-cycle loads that can 
simulate the effects of seismic loads on the anchorage of 
unbonded tendons. The cyclic loading protocol was intend-
ed to replicate the effects of seismic loads on the anchorage 
of unbonded posttensioning tendons in rocking structural 
members, though the loading frequency was consider-
ably slower than desired due to limitations of the testing 
equipment. The testing equipment allowed a frequency of 
0.1 Hz, while testing conducted in another phase of this 
research program evaluated the behavior of rocking precast 
concrete walls and found that the corresponding prototype 
wall has a dominant response at a frequency of 0.35 Hz. 
Depending on the aspect ratio of the rocking structural 
member, the dominant frequency can vary significantly 
when subjected to a seismic input motion. The wall tests 
Again, light pressure was applied to one wedge per strand 
to hold that bottom anchor in place, with at least 1.25 in. of 
the strand extending beyond the ends of the wedges. How-
ever, for the bottom wedges, greater emphasis was placed 
on ensuring that each wedge was at the same elevation in 
order to ensure even loading of each strand during testing. 
If the test configuration called for a rotated anchor head, 
rotation of the bottom anchorage took place at this time.
Next, an initial seating was completed by applying a force 
of 800 lb (3560 N) directly to the top and bottom wedges 
using a low-profile hydraulic hand jack, a small load cell, 
and a pipe section (Fig. 5). A force of 800 lb was chosen 
based on the ICC-ES report AC303 requirement that the 
applied preload (seating load) not exceed 1000 lb (4450 
N) for a monostrand system.20 The seating procedure was 
implemented to ensure consistent wedge seating depths and 
forces with the goal of loading each of the seven strands as 
evenly as possible. This initial seating procedure emulates 
the dead-end seating procedure in field applications where 
the wedges are initially seated by hand with additional seat-
ing occurring as the strand is stressed from the other end.
Strain gauge lead wires were then attached to the strain 
bridge, and markers were attached to visible strands, if 
applicable. A preload between 5 and 7 kip (22 and 31 kN) 
was then applied to the seven-strand anchorage to further 
seat the wedges and take up any remaining slack in the sys-
tem. This level of preload was again based on the ICC-ES 
AC303 requirement that the preload per strand should not 
Figure 4. Optical tracking markers fixed to strands and testing 
fixtures.
Aligned anchorages Rotated anchorages
Figure 5. Initial seating apparatus. Note: 1 kip = 4.448 kN.
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indicated that an upper cyclic range of 0.85f
pu
 was not high 
enough to affect the system’s performance or observe the 
type of postyield behavior desired.6 However, because 
the monotonic multistrand tests conducted as part of the 
current study showed ultimate capacities as low as 0.88f
pu
, 
maintaining the ICC-ES recommended upper limit was 
considered appropriate. Finally, a cyclic frequency of 0.1 
Hz was the maximum that could be achieved by the ma-
terial testing system frame under such a large load range. 
Upon completion of 50 cycles, the specimen was pulled to 
failure at a constant displacement-controlled load rate of 
0.361 in. (9.17 mm) per minute, which is consistent with 
the static tests.
Test matrix
Thirty-six specimens were tested in twelve unique config-
urations. As discussed, the four variables investigated were 
the following: 
• loading protocol
• anchorage manufacturer
• anchorage alignment
• wedge geometry
Table 2 contains a summary of the testing configurations.
Data analysis
Two parameters were extracted and examined from the 
data taken during each test: stress within the strand and 
strain within the strand. The stress within the strands was 
derived from material testing system load cell data. The 
data acquisition system provided the total load, in kips, 
of the system. The load was then divided by the nominal 
cross-sectional area of the 0.6 in. (15 mm) seven-strand 
system (that is, 0.217 in.2 × 7 = 1.519 in.2 [980.0 mm2]). 
This assumes that the load is uniformly distributed across 
each of the seven strands, which may introduce some un-
certainty into the stress results.
Occasionally, an individual wire of a strand fractured at a 
stress level lower than the ultimate strength achieved by the 
system (Fig. 6). Therefore, two stress values are report-
ed: fracture strength and ultimate strength. The fracture 
strength is the stress of the specimen at the time of initial 
wire fracture. The ultimate strength is the maximum stress 
that the specimen achieved. Consequently, the fracture 
strength may be equivalent to the ultimate strength if 
the initial fracture stress is the maximum stress that the 
specimen achieved, or the ultimate strength may exceed the 
fracture strength if the system achieved a higher stress level 
after initial fracture.
further confirmed that the strain rate in the unbonded ten-
don varies at the same frequency as the rocking member.23
The monotonic and cyclic loading protocols were devel-
oped based on the ICC-ES document.20 The testing proce-
dures and requirements presented in ICC-ES AC303 are 
specifically for monostrand assemblages. Because no such 
document exists for the testing of multistrand assemblages 
in the United States, the monostrand guidelines in the ICC-
ES document were applied as closely as possible to the 
multistrand tests discussed in this paper.
The monotonic loading protocol consisted of a constant, 
displacement-controlled load rate of 0.361 in. (9.17 mm) 
per minute, which corresponds to a strain rate of 0.0086 
per minute for a 42 in. (1070 mm) long test specimen. 
This falls within the ICC-ES required strain rate of 
0.0047 to 0.021 per minute. The loading occurred via 
upward displacement of the top fixture as regulated by 
the hydraulic cylinder, while the bottom anchor remained 
stationary.
The cyclic loading protocol consisted of three parts: 
• ramp to lower bound of cyclical loading
• sinusoidal cyclic loading
• ramp to failure
The ramp to the lower bound of the cyclical loading step 
was intended to replicate the monotonic load rate of 
0.361 in. (9.17 mm) per minute for stresses from zero to 
0.20f
pu
. However, due to limitations of the testing software, 
this loading step was force controlled rather than displace-
ment controlled. This led to crosshead displacement rates 
as high as 8.0 in. (200 mm) per minute for portions of the 
loading step while the wedges were seating. Although the 
desired crosshead displacement rate was exceeded, the 
strands were still loaded in a slow, controlled manner. In 
addition, the loading was within the ICC-ES guidelines be-
cause no maximum rate is specified for this step and 8.0 in. 
per minute is slower than the load rate implemented during 
the cyclic loading step.
The specimen was then cycled 50 times from 0.20f
pu
 to 
0.85f
pu
 at 0.1 Hz. Several deviations from the ICC-ES 
document were required for this loading step due to lim-
itations of the testing equipment and the anchorage capaci-
ties. The ICC-ES document calls for a cyclic frequency 
between 1 and 3 Hz and a cyclic stress range between 
0.40f
pu
 and 0.85f
pu
. However, previous monostrand test 
results showed that a cyclic range of 0.40f
pu
 to 0.85f
pu
 was 
not large enough to cause any significant reduction in 
capacity of the system.6 Thus, the lower limit of the cyclic 
range was reduced to 0.20f
pu
. Monostrand test results also 
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throughout much of the loading cycle—an effect that is 
magnified in a laboratory specimen with a relatively short 
free length. Thus, strain gauge data from an individual 
wire of each strand was considered to be representative 
of the system as a whole. This is a conservative assump-
tion because the measured strain of an individual wire is 
approximately 3.8% to 6.8% lower than the strand at the 
same stress level.20
To remove any seating and differential offset effects, the 
strain gauge data was adjusted so that the linear portion 
(0.20f
pu
 to 0.50f
pu
) of the stress-strain curve intersected the 
origin. Among the seven strands instrumented in each test, 
variability existed between the strain in each strand at a giv-
en load level. It is reasonable to assume that the variability 
in strain among the strands was greater in the test specimen 
than what would be observed in a full-scale system due to 
the relatively short length of strand being tested (that is, 42 
in. [1070 mm] free-length minimum). The primary basis for 
justification of this assumption is the ratio of wedge seating 
depth to the total specimen length. In a 42 in. specimen, 
this ratio is approximately 0.95%, assuming a total wedge 
seating of 0.40 in. (10 mm) (0.20 in. [5 mm] at each end).8 
In a full-scale system (for example, 432 in. [10,970 mm]), 
this ratio would be approximately 0.093%. Therefore, the 
effects of slightly different levels of strand seating and 
wedge engagement would be negligible and the strains in 
each strand would be much closer together.
The aforementioned discrepancy in strain variability 
between the test specimen and a full-scale assemblage led 
to the strain being derived in terms of both the average and 
The strain gauge data was verified with the use of optical 
tracking equipment on a selected number of tests. Re-
cording the strain of each strand was especially useful in 
understanding how the stresses were distributed throughout 
the system (that is, to each strand). As noted, the strain 
gauge data represented the strain in an individual wire 
rather than the actual elongation of the strand as a whole. 
For the purposes of making design recommendations for 
rocking structures, the strand elongation, and thus the 
system elongation, is the desired value. Unfortunately, it 
is difficult to use crosshead displacement data to calculate 
the system elongation because of wedge seating that occurs 
Table 2. Testing configurations summary
Loading scheme Manufacturer Alignment Wedge type Repetitions
Monotonic
A
Aligned
2P-A standard
 3
Rotated  3
A
Aligned
2P-A balanced
 3
Rotated  3
B Aligned
3P-B standard  3
3P-B standard  3
Cyclic
A
Aligned
2P-A standard
 3
Rotated  3
A
Aligned
2P-A balanced
 3
Rotated  3
B Aligned
3P-B standard  3
3P-B balanced  3
Total multistrand tests conducted  36
Figure 6. Stress-strain curve showing difference between frac-
ture and ultimate stress for a seven-strand test. Note: 1 in. = 
25.4 mm; 1 ksi = 6.895 MPa.
Average strain × 106, in./in.
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in the 42 in. (1070 mm) test specimen is the most represen-
tative value of the limiting strain expected in a full-scale 
system where the strain in each strand is more consistent.
The optical position tracking data acquisition system 
was independent from the material testing system. For 
this reason, the two data sets were aligned based on the 
crosshead displacement. The strain in a strand from the 
optical position data was derived by calculating the change 
in three-dimensional Euclidean distance between two 
markers on a strand and dividing by their initial distance. It 
was determined that the derived strain, calculated using an 
average of three distances between all four markers spaced 
at 2 in. (50 mm) each, was equivalent to the derived strain 
calculated using simply the uppermost and lowermost 
markers spaced at 6 in. (150 mm). Thus, the derived strain 
was calculated considering only the uppermost and lower-
most markers on a strand.
At low stress levels, the strands tended to twist and 
straighten while initial seating and engagement of each 
wedge occurred, and any remaining slack in the system 
was removed. If this out-of-plane motion is not properly 
accounted for, it will be interpreted as strain using the 
derived strain equation. In addition, this portion of the 
curve cannot simply be eliminated or zeroed because some 
amount of strand elongation occurs during this time. There-
fore, a graphical method was implemented to determine 
the initial distance between markers. First, the distance 
between the uppermost and lowermost markers was plotted 
against load. A best-fit line was then applied over the por-
tion of data corresponding to a linear range from 0.20f
pu
 to 
0.50f
pu
 using the least squares method. The intersection of 
the best-fit line with the distance axis was then taken as the 
initial distance when calculating the strain in the strand.
Experimental results
The results of the multistrand anchorage tests are present-
ed in terms of both strengths and strain capacities, and 
these results are compared with the current design limits. 
However, discrepancies arise in the terminology of certi-
fication requirements because they are currently intended 
for strand/anchorage systems in which only a single strand 
is being tested. In terms of strength requirements, ICC-ES 
AC303 states, “Each test assembly shall demonstrate fail-
ure of the strand at a test load of at least 95% of the actual 
breaking strength of the strand used in the tests.”20 For a 
multistrand test assembly, the failure load is interpreted as 
the load at the first wire fracture. However, the ICC-ES de-
formation requirement states, “The elongation of the strand 
of each tested assembly at the ultimate load shall be at least 
2 percent.”20 As discussed previously, for a multistrand 
test assembly, the ultimate load may not correspond to the 
fracture load. Due to this difference in terminology, for 
the purpose of determining certification conformance, the 
maximum strain at fracture and ultimate (Fig. 7). Follow-
ing are the resulting four types of strain derived from the 
strain gauge readings:
• average fracture strain: the average strain reading of all 
working strain gauges at the time of initial wire fracture
• maximum fracture strain: the maximum strain reading 
of all working strain gauges at the time of initial wire 
fracture
• average ultimate strain: the average strain reading of 
all working strain gauges at the time that the ultimate 
strength is achieved
• maximum ultimate strain: the maximum strain reading 
of all working strain gauges at the time that the ulti-
mate strength is achieved
Because the definitions are based on working strain gauges, 
the reliability of the strain gages is important. For the ma-
jority of samples, all seven gauges functioned throughout 
the duration of the test. The average strain, which is calcu-
lated as a straight average of all working strain gauges at 
a particular time, is the more conservative strain measure-
ment. In this calculation, it is assumed that if one strand 
is loaded early, the other six strands would experience 
a reduced strain at a given load. Thus, an average of all 
seven strains provides the actual system strain. Although 
this approach makes sense conceptually, it is likely overly 
conservative. The maximum strain is simply taken as the 
maximum value of all working strain gauges at a particu-
lar time. In the test specimen, the strand with the greatest 
strain represents the true maximum strain that an individual 
strand in the system can withstand. Considering this fact, it 
is reasonable to assume that the maximum strain measured 
Figure 7. Average and maximum fracture and ultimate strain 
definitions using data from a seven-strand test. Note: 1 in. = 
25.4 mm; 1 ksi = 6.895 MPa.
Strain × 106, in./in.
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loaded tests, whereas Fig. 9 shows the results from the 
cyclically loaded tests. Three repetitions were conducted 
for each configuration, which is represented by a vertical 
bar. The lower (solid) part of the bar represents the fracture 
strength of the system, and the upper (crosshatched) part of 
the bar represents the ultimate strength of the system. If the 
bar is completely solid, the ultimate strength is equal to the 
fracture strength.
Two stress limits suggested by design standards are also 
drawn on each graph. The lower line is the ACI 318-14 
limit of 0.95f
pu
 (256.5 ksi [1769 MPa]). The upper line 
is the ICC-ES (and all others) limit of 0.95f
pm,free-length
 
(273.1 ksi [1883 MPa]). The maximum free-length fracture 
strength f
pm,free-length
 was taken as the breaking strength of the 
strand as reported by the manufacturer, which was pre-
sumably determined using special wedges, divided by the 
nominal cross-sectional area of the strand.
fracture stress of the system is compared with the stated 
strength limit, while the ultimate strain of the system is 
compared with the stated deformation limit.
The 2% elongation noted previously is routinely achieved 
by the strand manufacturers using special wedges, which 
rely on sand to provide friction instead of the teeth on a 
typical wedge and transfer the load to the strand over a 
longer length, both of which help to reduce stress concen-
trations. However, this elongation may not be applicable 
for designing rocking, self-centering structures, in which 
case regular commercially available wedges are used. 
Furthermore, fracture strain is of the utmost importance 
to the design engineer because an individual wire fracture 
during a seismic event will likely require replacement of 
the posttensioning. Thus, for the purpose of making design 
recommendations, the fracture strain is cited as the limiting 
condition, though all critical strains are reported.
Strain gauge verification
Two different criteria were used to compare the data 
obtained from the strain gauges with the data obtained 
from the optical position system: the calculated modulus 
of elasticity and failure strain of the system. The modulus 
of elasticity was determined using the method described by 
Acosta.22 In this procedure, a best-fit line of strain in each 
strand (using either strain gauge or optical position data) 
was computed considering only the data points that corre-
sponded to stresses between 0.20f
pu
 and 0.80f
pu
. The combi-
nation of modulus of elasticity and failure strain allows for 
the optical position and strain gauge data to be compared 
over both the elastic and inelastic ranges. Table 3 shows 
the results of that comparison as a ratio of the strain gauge 
data to optical position data. The data show that the strain 
gauges consistently measure less strain than the optical 
position system. This is consistent with the results reported 
by Acosta,22 who estimated this ratio to be between 0.936 
and 0.963 depending on the pitch of the individual wires 
within the strand. The data obtained in this study shows a 
lower ratio of about 0.91, which is outside of the expected 
range. While these findings support the fact that the strain 
gauges provided satisfactory and conservative data, a more 
robust study of the ratio between posttensioning strand 
and individual wire strain is required before strain gauge 
readings can be confidently converted to strand strain using 
this ratio.
Stress capacity
The strength of the multistrand posttensioning anchorage 
system was analyzed in terms of average engineering stress 
(that is, total load divided by the nominal cross-sectional 
area of all seven strands). Figures 8 and 9 provide a sum-
mary of the stress capacity of the system under each con-
figuration. Figure 8 shows the results for the monotonically 
Table 3. Measured dimensions of specimen components
Ratio of strain gauge to  
optical position data Theoretical 
ratio*Modulus  
of elasticity
Failure strain
Maximum 0.964 0.949 0.963
Average 0.916 0.910 n/a
Minimum 0.881 0.867 0.936
Note: n/a = not applicable. 
* Data from Acosta (1991).
Figure 8. Summary of average stress results for monotonical-
ly loaded specimens. Note: fpm,free-length = free-length fracture 
stress calculated by dividing the breaking strength provided 
from a free-length fracture test by the nominal cross-sectional 
area of the strand; fpu = specified ultimate tensile strength of 
prestressing strand. Note: 1 ksi = 6.895 MPa.
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and wedge geometry variables. Student’s t-tests are used 
to determine the probability of two data sets being statisti-
cally different from each other. The value that results from 
a t-test is called a p-value, and the meaning of this p-value 
depends on the type of t-test being run. When a two-tailed 
Student’s t-test is used, the null hypothesis is that the two 
data sets have equivalent means. Therefore a low p-value 
indicates a small probability that the null hypothesis (data 
sets have equivalent means) is correct, and that there is a 
high probability that the data sets are statistically different. 
For all of the tests, it was assumed that the two populations 
are unpaired and have about the same spread (that is, they 
are homoscedastic). A method of variable elimination was 
implemented to increase the sample size of the tests being 
directly compared. For example, by showing statistically 
that no significant difference in means exists among mono-
tonic and cyclic load tests, the loading parameter could be 
eliminated. Thus, when comparing manufacturer A with 
standard wedges to manufacturer B with standard wedges, 
fracture strengths from both monotonic and cyclic load 
tests were used. In addition, for this example, the anchor-
age alignment variable was eliminated because no rotated 
anchorage tests were conducted for manufacturer B.
Table 4 shows a summary of the results from the statistical 
analysis conducted for fracture strength. A 95% confi-
dence interval was used to determine the significance of a 
selected variable. Thus, a p-value of less than 0.05 indi-
cates a significant difference in means. This is displayed 
directly in the fourth column of Table 4 as an equal sign for 
variables with a p-value greater than 0.05 (not statistically 
different) and a less-than or greater-than sign as appropri-
ate for variables with a significant difference in means.
For the loading scheme parameter, individual t-tests were 
conducted for each of the direct comparisons drawn in 
Table 4. The t-tests showed that none of these compari-
sons had a significant difference in their means. Thus, for 
the remainder of the statistical tests, the loading scheme 
parameter was eliminated as a unique variable (that is, tests 
that varied only by loading scheme were considered to be 
part of the same population).
For the statistical analysis of the anchorage manufacturers, 
the anchorage alignment variable was eliminated because 
alignment was not investigated for manufacturer B (that is, 
only the aligned anchorage tests for manufacturer A were 
compared with the aligned anchorage tests for manufactur-
er B). Therefore, the only variables remaining to compare 
were anchorage manufacturer and wedge geometry.
Figure 10 shows the box-and-whisker plot for manufactur-
ers A and B when the standard wedges and modified wedge 
configuration were used. On this plot, the upper and lower 
whiskers indicate the maximum and minimum observed 
values, respectively. The bottom of the shaded box is the 
As shown in Fig. 8, anchorages from manufacturer A 
tested with standard wedges did not meet the ACI 318-144 
strength requirement of 0.95f
pu
 at fracture. All of the other 
configurations, however, exceeded 0.95f
pu
 at fracture. On 
average, manufacturer A tested with aligned anchorage 
heads and modified wedges was able to reach 0.95f
pm,free-length
 
at ultimate. However, the fracture strength, not the ultimate 
strength, is the limiting value for strength certification. 
Therefore, on average, none of the configurations met the 
0.95f
pm,free-length
 limit when loaded monotonically.
The cyclically loaded specimens (Fig. 9) showed similar re-
sults to those loaded monotonically. Again, anchorages from 
manufacturer A tested with standard wedges did not meet the 
0.95f
pu
 limit at fracture, while all other configurations did. 
The only change in performance occurred with manufacturer 
A with aligned anchorage heads and modified wedges. When 
subjected to the cyclic loading scheme, the specimen exceed-
ed 0.95f
pm,free-length
 at fracture for all three repetitions.
Visual inspection of the bar graphs suggests qualitatively 
that the modified wedge geometry improves the perfor-
mance of anchorages from both manufacturers and that 
anchorage rotation may reduce the strength capacity of 
the system. To quantify these apparent trends, a statistical 
analysis of fracture strength was conducted for each of 
the four test variables. By comparing tests in which only 
one variable changed, several direct comparisons could be 
drawn and statistically analyzed to determine whether a 
certain parameter caused a statistically significant change 
in the mean fracture strength capacity of the system.
Two-tailed Student’s t-tests were used to evaluate the load-
ing scheme, anchorage manufacturer, anchorage alignment, 
Figure 9. Summary of average stress results for cyclically 
loaded specimens. Note: fpm,free-length = free-length fracture 
stress calculated by dividing the breaking strength provided 
from a free-length fracture test by the nominal cross-sectional 
area of the strand; fpu = specified ultimate tensile strength of 
prestressing strand. Note: 1 ksi = 6.895 MPa.
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that anchorage performance is highly dependent on anchor 
and wedge compatibility. That is, anchorage A is capable 
of performing as well as anchorage B when compatible 
wedge geometries are used.
Anchorage alignment was only investigated for anchorages 
from manufacturer A; therefore, the anchorage manufacturer 
together with the loading scheme parameter were eliminated 
for the investigation of the anchorage alignment. The only 
variables remaining to compare were anchorage alignment 
and wedge geometry. Figure 11 shows the box-and-whis-
ker plot for the aligned and rotated anchorages when the 
standard wedges and modified wedge geometries were used. 
The calculated p-values for the standard wedge and modified 
wedge configurations are 0.2765 and 0.1563, respectively. 
This indicates that while the mean fracture stress of the sys-
first quartile, the top of the crosshatched box is the third 
quartile, and where the boxes meet is the median value. 
The “X” on the plots indicates the mean of the data set. 
These plots demonstrate the difference in the mean and the 
spread of the data sets. 
The calculated p-values for the standard and modified 
wedge configurations were 4.967 × 10-4 and 0.6890, 
respectively. This indicates that when each manufacturer 
uses its respective standard wedges, manufacturer B has 
a significantly greater mean fracture strength than man-
ufacturer A. However, when the modified wedge geom-
etry is used, the mean fracture strength of manufacturer 
A actually exceeds that of manufacturer B, but not to a 
statistically significant extent. The difference in anchorage 
performance among changing wedge geometries indicates 
Table 4. Fracture stress statistical analysis results summary
Variable Configuration Variable A Equivalency Variable B p-value
Loading scheme All Monotonic = Cyclic > 0.05
Anchorage  
manufacturer
Standard wedge A < B 4.967 × 10-4
Modified wedge A = B 0.6890
Anchorage  
alignment
Standard wedge Aligned = Rotated 0.2765
Modified wedge Aligned = Rotated 0.1563
Wedge geometry
Manufacturer A aligned Standard < Modified 3.249 × 10-4
Manufacturer A rotated Standard < Modified 4.945 × 10-5
Manufacturer B aligned Standard = Modified 0.0604
Figure 10. Box-and-whisker plots comparing manufacturer 
A and manufacturer B with standard and modified wedge 
geometries. Note: fpm,free-length = free-length fracture stress 
calculated by dividing the breaking strength provided from a 
free-length fracture test by the nominal cross-sectional area 
of the strand; fpu = specified ultimate tensile strength of pre-
stressing strand. Note: 1 ksi = 6.895 MPa.
Figure 11. Box-and-whisker plots comparing aligned and ro-
tated anchorages with standard and modified wedge geom-
etries. Note: fpm,free-length = free-length fracture stress calculated 
by dividing the breaking strength provided from a free-length 
fracture test by the nominal cross-sectional area of the strand; 
fpu = specified ultimate tensile strength of prestressing strand. 
Note: 1 ksi = 6.895 MPa.
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of each strand (that is, one strain gauge per strand). Figures 
13 and 14 present the maximum fracture and ultimate strain 
values. The maximum strain is defined as the maximum 
strain reading of all working strain gauges at a particular 
time. While this value is less conservative than the aver-
age strain, the researchers believe it is a more accurate 
representation of the limiting strand strain that would be 
observed in a full-scale application due to the longer strand 
lengths resulting in a more uniform strain distribution.
Figure 13 shows the results for the monotonically loaded 
tests, and Fig. 14 shows the results from the cyclically 
loaded tests. Three repetitions were conducted for each 
configuration, represented by vertical bars. The lower 
(solid) part of the bar represents the fracture strain of 
the system, and the upper (crosshatched) part of the bar 
represents the ultimate strain of the system. If the bar is 
completely solid, the ultimate strain is equal to the fracture 
strain. The deformation requirement of 2.0% at ultimate is 
also indicated on each graph.
As shown in Fig. 13 and 14, on average the anchorages 
from both manufacturers tested with standard wedges did 
not meet the elongation requirement of 2.0% at ultimate. 
The fact that the standard wedges from manufacturer 
B did meet the 0.95f
pu
 strength limit at fracture (Fig. 8 
and 9) indicates another discrepancy in the ACI 318-14 
certification requirements. That is, the system was able 
to meet the strength requirement without meeting the 
elongation requirement. This is essentially due to the fact 
that 0.95f
pu
 (256.5 ksi [1769 MPa]) does not correspond 
to a strain of 2.0% on the PCI-defined stress-strain curve 
for posttensioning strand. Rather, a strand strain of 2.0% 
corresponds to a stress of about 264.3 ksi (1822 MPa), or 
0.98f
pu
. Essentially, this makes the less stringent strength 
limit of 0.95f
pu
 inconsequential because the strain limit will 
always control. However, in the case of the more stringent 
tem was reduced when the anchorage ends were rotated, the 
reduction was not significant at a 95% confidence level.
A side-by-side comparison was made between the stan-
dard and modified wedge geometries for all of the tested 
configurations. The loading scheme parameter was previ-
ously eliminated, leaving three variables to be compared: 
wedge geometry, anchorage manufacturer, and anchorage 
alignment. Figure 12 shows the box-and-whisker plot for 
the anchorages tested with standard and modified wedge 
geometries using the following: 
• aligned anchors produced by manufacturer A
• rotated anchors produced by manufacturer A
• aligned anchors produced by manufacturer B
The calculated p-values for the manufacturer A–aligned, 
manufacturer A–rotated, and manufacturer B–aligned 
configurations are 3.249 × 10-4, 4.945 × 10-5, and 0.0604, 
respectively. This indicates that the modified wedge 
geometry significantly increased the fracture strength for 
anchorages from manufacturer A when tested in both the 
aligned and rotated configurations. The modified wedge 
also increased the mean fracture strength capacity of an-
chorages from manufacturer B; however, the increase was 
not significant using a 95% confidence interval.
Strain capacity
The strain capacity of the multistrand posttensioning 
anchorage system was analyzed in terms of microstrain as 
determined by strain gauges applied to an individual wire 
Figure 13. Summary of maximum strain results for monotoni-
cally loaded specimens.
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aligned anchorage
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aligned anchorage
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Modified
wedge
Modified
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Standard
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Figure 12. Box-and-whisker plots comparing standard and 
modified wedge geometries. Note: fpm,free-length = free-length 
fracture stress calculated by dividing the breaking strength 
provided from a free-length fracture test by the nominal 
cross-sectional area of the strand; fpu = specified ultimate ten-
sile strength of prestressing strand. Note: 1 ksi = 6.895 MPa.
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strands often experiences fracture of an individual wire at 
a load less than the ultimate strength. For this reason, the 
strength and deformation capacities of the system were 
analyzed in terms of both fracture and ultimate strength 
and strain. According to the terminology used in ICC-ES 
AC303 for determination of certification compliance, 
the fracture strength of the system is compared with the 
strength limits, and the ultimate strain is compared with the 
deformation limit.
Based on the completed study, the following results regard-
ing certification conformance of multistrand posttensioning 
anchorages were observed:
• The multistrand anchorage system only met both the 
strength (0.95f
pu
) and deformation (2.0%) requirements 
of ACI 318-14 when the modified wedge geometry 
was used.
• Only one of the tested configurations (aligned anchor-
ages from manufacturer A with modified wedges load-
ed cyclically) met both the strength (0.95f
pm,free-length
) and 
deformation (2.0%) requirements of ICC-ES AC303.
• Anchorages from manufacturer A with standard wedg-
es were the only configurations that failed to meet the 
ACI 318-14 strength requirement of 0.95f
pu
.
• Anchorages from manufacturer B with standard wedges 
met the ACI 318-14 strength requirement (0.95f
pu
), but 
not the deformation requirement of 2.0% strain limit.
Regarding the test variables and configurations investigat-
ed, the following conclusions can be made:
• The cyclic loading scheme implemented in this paper 
did not significantly affect the performance of the 
system under any configuration.
• The performance of the systems varied greatly depend-
ing on the anchorage manufacturer; however, neither 
anchorage was found to be superior. Rather, it was 
determined that compatibility of the anchorages and 
wedges is the primary factor in anchorage performance.
• Rotation of an anchorage inducing the effects of 
eccentricity, an angled entrance of the strand into the 
anchorage, and fretting did not significantly affect the 
performance of the prestressing tendon.
• The geometrically modified wedge significantly 
improved the performance of anchorages produced by 
manufacturer A. They also allowed anchorages from 
manufacturer B to meet the strength and deformation re-
quirements of ACI 318-14, though the improvement was 
not statistically significant at a 95% confidence interval.
0.95f
pm,free-length limit
, the strength requirement may or may not 
control, depending on the actual breaking strength of the 
strand. For this reason, it is recommended that the strength 
limit of 0.95f
pm,free-length
 be adopted by ACI 318.
In each of the configurations using the modified wedge 
geometry, the elongation requirement of 2.0% at ultimate 
is always achieved. However, the preferred limiting strain 
in terms of the design of rocking structures is the frac-
ture strain. While the modified wedge geometry allowed 
fracture strains of more than 2.5% in some cases, prema-
ture fractures were also recorded at strains as low as 1.0% 
when the modified wedge was being used. This large range 
in maximum fracture strain indicates the need for further 
research in the area of improved wedge geometry. In ad-
dition, the possibility of wire fractures at strains as low as 
1.0% requires that a strand strain limit of 1.0% elongation 
be used at a desired drift in the design of self-centering 
structures with unbonded posttensioning. Wedges with the 
modified geometry were used in a parallel shake table test 
investigation of rocking walls.23 All posttensioning tendons 
in these walls were designed to remain elastic at the design 
drift. Although these tendons experienced strains as high as 
1.5%, there was no evidence that wire fracture occurred.
Conclusion
This paper presents results from a comprehensive labora-
tory evaluation of the fracture and ultimate strengths and 
strain capacities of multistrand posttensioning anchorage 
systems. Recognizing that the strength and strain capacities 
for strands provided in mill certificates are established us-
ing special wedges, the tests in this study were conducted 
using commercially available wedges to establish realistic 
stress and strain limits for the use of unbonded tendons 
in the seismic design of rocking structures. Due to the 
increased variability in strain distributions amongst strands 
after yielding, a posttensioning tendon consisting of several 
Figure 14. Summary of maximum strain results for cyclically 
loaded specimens.
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Abstract
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rocking structures. The testing program encompassed 
two anchorage manufacturers, two anchorage align-
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both monotonic and cyclic loading. The results show 
that modifying the wedge geometry can improve the 
performance of commercially available posttensioning 
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